We experimentally investigate interference pattern formation in second-order intensity correlation considering the polarization state of pseudothermal light beams. By placing a double slit in one of the beams it is shown that the interference pattern depends on the polarization state of the light after the slits. When different parts of the double slit are aligned in different beams, we found that the interference is always observed, even for the case where the beams are orthogonally polarized. Our results are analyzed using a filtering process and indistinguishability of paths interpretation. Extensions of our findings to massive particles are also discussed.
I. INTRODUCTION
In optics, there are several ways to observe interference effects of optical fields. One of the simplest is Young's double-slit interference experiment ͓1͔, where interference fringes appear in the first-order intensity correlation function. Interference effects can also be observed in the second-order correlation function, first measured by Hanbury-Brown and Twiss ͑HBT͒ using a stellar interferometer ͓2͔. Although these experiments can be described with classical optics, their quantum interpretation illustrates the principle of superposition in quantum mechanics. For Young's double-slit experiment, the indistinguishability of two events, namely, to detect a photon from one slit or another, gives rise to quantum interference between the probability amplitudes of these events. In the HBT experiment, we have to consider twophoton events, since two light sources S A and S B emit photons that can be measured by two detectors D 1 and D 2 . As first pointed out by Fano ͓3͔, the interference arises from the indistinguishability between two sets of possible paths from the sources to the detectors. This effect is referred to as indistinguishable path interference.
Spontaneous parametric down conversion has been enormously exploited to observe interference pattern formation as well as images in the second-order intensity correlation function or coincidence detection ͓4-8͔. These effects were attributed to the quantum correlations of twin photons. In particular, to observe second-order interference patterns, two basic schemes have been performed, considering two detectors, each one in the twin photon path. In the first scheme ͓4͔, an object is placed in the signal path, while nothing is placed in the idler path. In this case, the signal detector is transversely scanned and an interference pattern is formed in coincidence counts. In the second scheme ͓5͔, an object is placed in the idler path, while nothing is placed in the signal path. As in the previous scheme, the signal detector is transversely scanned and an interference pattern is formed in coincidence counts, the so-called ghost interference pattern, because no object is placed in the signal path. The same effect has been demonstrated using classical light sources ͓9-12͔. In this case, a pseudothermal light source is used to prepare two beams that will play the role of the twin beams from spontaneous parametric down conversion. In particular, the ghost interference experiment has been performed using a pseudothermal light source ͓11͔. In this experiment, an object is placed in the path of one beam and images of the intensity distribution of the beams are used to numerically calculate the second-order correlation function. We will refer to the ghost interference configuration as local configuration.
A more interesting and less intuitive configuration consists in aligning a wire on the idler beam path and a single slit on the signal beam path ͓13͔. If spatially superimposed the objects would form a double slit. Different from the local configuration, here we have two objects, one placed in the signal path and other placed in the idler path. This so-called nonlocal configuration, when illuminated by twin beams, produces a typical double-slit interference pattern in the coincidence detection, illustrating the quantum nonlocality. Recently, we have shown that quantum correlations are not necessary to observe an interference pattern of a nonlocal double slit ͓14͔, performing the same experiment of Ref. ͓13͔ with a pseudothermal light source. With this experiment, we demonstrated that the use of classical correlations in the transverse wave vectors can mimic nonlocal aspects of entangled photons. These experiments using quantum and classical light sources give us an interesting scenario to better understand the quantum and classical aspects of the second-order interference effects ͓15͔.
The complete description of interference phenomena should take into account the vectorial character of electromagnetic waves or photon polarization state. It is well known that in the Young's double-slit experiment no fringes can be observed if the fields at each slit have orthogonal polarizations. Quantum mechanically, photons possessing orthogonal polarizations are distinguishable entities and, therefore, interference fringes cannot be observed. This is an interesting illustration of the complementarity principle of quantum mechanics, where any which-path information of the Young's double slit inhibits the observation of interference ͓16͔.
In this work, we investigate the effects of light's polarization state in the second-order interference pattern formation for both local and nonlocal double-slit configuration, using a pseudothermal light source. For the local configuration it is found that the interference pattern formation depends on the polarization state of the beams after each slit, which can be interpreted as a filtering process of first-order patterns. On the other hand, for the nonlocal configuration, it is found that the interference pattern formation is insensitive to the polarization of the beams. In this configuration, a nice explanation can be given in terms of Fano's interpretation mentioned above. We also foresee some interesting consequences in interference phenomena with massive particles, for example, electrons prepared in orthogonal spin states.
II. EXPERIMENT AND RESULTS
Initially, we investigated the local configuration, as depicted in Fig. 1 . The pseudothermal light source consists of an argon ion laser, operating at 514 nm, passing through a slow rotating ground-glass disk D ͓17͔. A 2.5-mm-diameter pinhole is placed after the disk to select part of the scattered beam. The pseudothermal light beam presents a speckle pattern formed by approximately 12 000 specks with an average width of 29 m. Using a polarizer P after the pinhole, we guarantee that the light beam is vertically polarized in reference to the figure plane. After the beam splitter BS 1 , we have two beams, referred to as test beam t and reference beam r. The object placed in the test beam is a double slit with a half-wave plate ͑HWP͒ placed in the left slit ͑see Fig. 1͒ . The double slit consists of a 0.2-mm-diameter wire superimposed with a 0.4 mmϫ 50 mm single slit. By acting on the orientation of the HWP, the polarization of light after the left slit can be changed from vertical to horizontal or to 45°, with all polarizations defined in reference to the figure plane. For each setting of the HWP the intensity distribution of the test beam, scattered by the double slit, and reference beam are measured by a COHU 4910 charge-coupled device ͑CCD͒ camera with 0.65 lx sensitivity. The image area is formed by 768ϫ 494 active elements and each cell size is equal to 8.4 m ϫ 9.8 m. The obtained images are converted into two 300ϫ 300 matrices.
Considering only the test beam, the intensity distributions after the double slit can be used to measure the coherence of the light source. For example, in Fig. 2 , we see the intensity distribution of the scattered test beam, when the light's polarization from both left and right slits is vertical. In this result, no interference pattern is observed because the separation of the slits is larger than the transverse coherence length. Obviously, similar results are obtained for other settings of the HWP and they are consistent with the classical coherence theory. Now let us consider the second-order intensity correlation between the reference beam and the scattered test beam, as a function of the polarization state of the test beam that passes through the left slit. For each setting of the HWP, the secondorder intensity correlation is numerically calculated using the intensity distribution matrices and performing an average over 1000 images. In Fig. 3͑a͒ , the beam arriving from the left slit is vertically polarized. In this situation, we clearly observe an interference pattern. In Fig. 3͑b͒ , the beam arriving from the left slit is 45°polarized. As we can see, an interference pattern is also observed, but the visibility is lower than the previous situation. Finally, in Fig. 3͑c͒ , the beam arriving from the left slit is horizontally polarized. With this polarization setting, we do not observe an interference pattern. These results can be interpreted in terms of a filtering process where the reference beam acts as a trigger, selecting a set of correlated wave vectors in the whole scattered test beam. Depending on the polarization state of the light after the slits, a virtual interference pattern in the test beam is formed and it appears just on the second-order intensity correlation. Therefore, acting on the HWP, we can control the second-order interference pattern, as shown in Fig. 3 .
The nonlocal configuration was investigated using the experimental setup depicted in Fig. 4 . The pseudothermal light source is the same used previously. Our nonlocal double slit is composed by a 0.2-mm-diameter wire placed in the test beam and a 0.4 mmϫ 50 mm single slit placed in the reference beam. Using a HWP, we control the polarization state of the test beam. Here, the reference beam is always vertically polarized. All polarizations are defined in reference to the figure plane. As expected for a pseudothermal light source, the intensity distributions for the test and reference beams after the objects do not show any diffraction pattern. The results are quite similar to the result shown in Fig. 3 and they do not add any novelty.
Using the intensity distribution matrices for the scattered test and reference beams, we calculated the second-order intensity correlation, as a function of the polarization state of the test beam. In Fig. 5 , we show the results where the test beam is vertically polarized, 45°polarized, and horizontally polarized. In all situations, an interference pattern is observed, clearly demonstrating that the second-order interference does not depend on the polarization state of the beams.
In comparison with the interference pattern shown in Fig.  3͑a͒ , the interference patterns for the nonlocal configuration present some asymmetry. This asymmetry is due to a small transverse misalignment. Nevertheless, by performing a careful alignment for the slit and wire transverse position we can obtain a symmetrical interference pattern. On the other hand, local and nonlocal interference patterns share some important features. The visibility V of these patterns can be calculated using the definition presented in Ref. ͓18͔ . From our experimental data, we have V = 0.19 for the local configuration and V = 0.17 for the nonlocal configuration, in the case where a test beam is horizontally polarized. For the cases where a test beam is vertically polarized and 45°polarized, we have V = 0.19 and V = 0.18, respectively. Therefore, all patterns present very closed visibilities. Furthermore, local and nonlocal interference patterns present the same distance between interference maxima ͑approximately 0.25 mm͒. This result shows that the nonlocal interference pattern is related with a double slit possessing the same geometrical dimensions of the double slit used in the local configuration.
III. THEORETICAL DESCRIPTION
For the local configuration, our results can be understood in terms of a filtering process, which relies on the observa- tion of an interference pattern in first order in one beam by filtering the correlated wave vectors in the other beam. On the contrary, in the nonlocal configuration we cannot apply the filtering process in one of the beams because there are objects in both beams. To complete the description of the second-order interference pattern formation in the nonlocal configuration, we have extended the theoretical model presented in Ref. ͓14͔ to include the polarization degree of freedom.
In terms of the electric fields in the detection plane, the intensity correlation function is given by ͓14͔
where E 1 ͑x 1 ͒ and E 2 ͑x 2 ͒ correspond to the fields associated with test and reference beams, respectively. We can see directly that changing the electric field polarization, this equation remains the same. Therefore, ͗I 1 ͑x 1 ͒I 2 ͑x 2 ͒͘ can be written as
With this scalar expression, we proceed by calculating the fields considering their propagation from the light source to the detection plane. The procedure is the same as shown in Ref.
͓14͔. Here, we are assuming that acting on the polarization of the beams we are not changing their transverse correlations and the fields obey Gaussian statistics. Hence, we obtain
where h 1 ͑x 1 ͒ and h 2 ͑x 2 ͒ are the impulse response functions corresponding to the objects placed in the test and reference beams, respectively, E 0 ͑x 2 ͒ and E 0 ͑x 1 ͒ are the electric fields associated with test and reference beams before the objects, and F͕g͑x 1 , x 2 ͖͒ is the Fourier transform of the function
where k is the light wave number of the radiation and f is the focal length of the lens used to produce the far-field region at the detection plane. This result shows that the interference pattern of the whole object ͑Fourier transform of the product of the impulse function of the objects composing the whole object͒ appears in the intensity correlation, but with a visibility limited by an intrinsic background ͓the first term on the left-hand side of Eq. ͑3͔͒. The result shown in Eq. ͑3͒ is the same one obtained in Ref. ͓14͔ and it demonstrates that the second-order interference pattern formation is insensitive to the polarization of the beam, as observed in our experimental results ͑Fig. 5͒.
Our experimental results for the intensity correlation were obtained by detecting the intensity distribution of the beams, using a CCD camera, and performing the correlation point to point numerically ͓11͔. This approach is equivalent to using two pointlike detectors to detect photons and performing coincidence counts ͓10͔.
IV. DISCUSSION
Our results shown in Fig. 5 can be explained using Fano's interpretation for a two-photon interference effect. In Fig. 6 , it is shown an alternative version of the experiment setup. The points A and B represent two different points of our pseudothermal light sources, emitting photons in a vertical polarization state. Test and reference beams are represented by pairs of rays corresponding to paths from points A and B to the identical detectors D 1 and D 2 . Note that, even in the case where the HWP rotates the polarization of the test beam from vertical V to horizontal H, we have indistinguishable two-photon events. Namely, D 1 detects a horizontally polarized photon from A while D 2 detects a vertically polarized photon from B, and D 1 detects a horizontally polarized photon from B while D 2 detects a vertically polarized photon from A. The same analysis can be done for 45°polarization as well as for any polarization state. Therefore, there is a second-order interference pattern formation that is invariant under the beams' polarization rotation.
It is remarkable that we can observe a nonlocal effect even without quantum correlation. However, classical waves are also not localized in space or time and, therefore, can be exploited, using classical correlations, to mimic nonlocal interference effects that have been observed using entangled photons.
Although originally performed with electromagnetic waves, the HBT experiment has also been applied to investigate correlation properties of massive particles, as electrons ͓19,20͔. Recently, it was used to compare correlations and anticorrelations in bosonic and fermionic systems ͓21͔. Considering the spin degree of freedom of electrons and exploiting their wave-particle duality, we can envisage a nonlocal double-slit experiment using electrons even in orthogonal spin states. In such a system, we would observe nonlocal aspects of the probability amplitude waves, described by a Schrödinger equation. In conclusion, we have experimentally demonstrated that second-order interference using a local double slit depends on the polarization state of the light after the slits. In this case, the results can be interpreted in terms of a filtering process of the correlated wave vectors. In contrast, for the nonlocal double slit, we have found that second-order interference is insensitive to the polarization state of the correlated beams and the results can be interpreted as an interference process of two indistinguishable paths. We have discussed an extension of our results to observe nonlocal effects using correlated electrons prepared in orthogonal spin states.
